Objective: To investigate the performance of a metric of functional connectivity to classify and grade the excitability of brain regions based on evoked potentials to single pulse electrical stimulation (SPES). 
Introduction
Victor Horsley used faradic electrical stimulation to confirm the localization of the epileptic focus in one of John Hughlings Jackson's patient who underwent resection of an epileptic focus in 1886 18 . Harvey
Cushing used this technique in 1909 to define the sensorimotor cortex surrounding a tumor and to confirm the localization of epileptic seizures that manifested with sensory auras 5 and predicted that stimulation will be invaluable for localization of epileptic foci. Presently, recording of seizures and localization of the seizure onset zone (SOZ) in the subset of surgical patients who require intracranial EEG (icEEG)
evaluations remains the best available means to identify epileptogenic tissue 3 . Intracranial EEG presents two significant challenges: i) It is invasive and may have serious complications, which increase in rate as a function of the duration of monitoring 6 , and ii) The chances of sustained seizure freedom after epilepsy surgery falls to between 30-80% depending on the lobe involved. Hence, studies that enhance on effective localization in the interictal phase are still needed. These challenges suggest that current methods of localization are not optimal and that defining epileptogenicity based on seizure-onset zones, while practical, falls short of 'ideal' 7, 9, 15 . Given the aforementioned limitations and associated risks in current standards, identifying reliable markers of epileptogenicity is desired.
Based on known mechanisms of imbalance between excitatory and inhibitory responses especially at the level of abnormal synaptic plasticity that could transform high-normal levels of network activity into ictal activity and supported by our direct bedside observation in-vivo. And based on known mechanisms of generation of EEG/evoked potentials and the post-synaptic level and recent findings in literature -We aimed to test the performance of a novel metric to gauge the regional and global facilitation of synaptic transmission and hence in theory the overall epileptogenic potential based on evoked the normalized number of evoked responses to single pulse stimulation weighted by the distance it was recorded at to minimize the effect of regional sampling inhomogeneity.
A few studies have demonstrated that Single Pulse Electrical Stimulation (SPES) of the epileptogenic region, or its vicinity, results in responses with accentuated amplitudes 8, 16, 17 . To our knowledge, the spatial extent of responses was not systematically quantified, and correlation with surgical outcomes was not always studied. One issue arises from the limited spatial resolution and sampling of the brain via current methods of icEEG, which varies by the clinical hypothesis and by local epilepsy surgery team preferences.
In this single-center case-control study, we test the relationship between (CI) that is based on the quantity and spatial extent of evoked responses to SPES, and a qualitative classification of contacts. We also estimate the predictive value of focal seizures and auras induced by the low-frequency stimulation (1 Hz) used during SPES in this cohort of drug-resistant epilepsies.
Methods

Patients and intracranial EEG data acquisition
We retrospectively identified patients who underwent usually involved a grid covering the lateral frontal-temporal-parietal convexity, several strips spanning most of the major sub-lobes above, and depth electrodes as needed to target mesial structures.
Classification of the electrode contacts
The stimulated contacts were classified as: i. seizure onset (SOZ) which was determined by the electrodes that showed the first electroencephalographic ictal changes, ii. within epileptic network/ possibly Fisher's exact test was used for qualitative contingency tables and odds ratio statistical significance.
Receiver operating characteristic (ROC) curves were calculated to estimate the effective cut-off for CI as a classifier. Our accepted pre-test probability of alpha error (p-value) was < 0.05 corresponding as well with 95% confidence intervals. There was a statistically significant correlation between duration of epilepsy and (CI) of non-SOZ contacts up to 30 years of epilepsy (r= 0.49, p = 0.01) (Figure 2-I ).
Discussion
In this study, we demonstrated that the SOZ exhibits enhanced pathologic connectivity characterized by stimulation across patients differed significantly between epileptic and control sites for corresponding brain regions across different subjects, or within subjects. We successfully quantified these responses by implementing a metric which we labeled the Connectivity Index (CI), which accounts for both the spatial extent and the distance for the responses. We argue that the abnormal evoked responses observed after single pulse stimulation are a combination of a regional pathologic facilitation of synaptic transmission 8 16 ,
and subcortical recruitment in subjects with more wide-spread responses 2, 16 .
The use of (CI) as a classifier provided a reasonable trade-off between sensitivity and specificity. Despite the inclusion of only 'highly' active irritative zone contacts. It is possible the differences between SOZ and IZp did not reach statistical significance due to the relatively small sample size but may indicate as well that
IZp include possibly epileptogenic contacts. Outcome validated studies of the resection of subgroup of IZp and SOZ may elucidate that further. This may be further elucidated with prospectively stimulated contacts.
In fact; we believe it is worthwhile to investigate the clinical utility of SPES of brain regions to localize SOZ, and to grade epileptogenicity prospectively before recording seizures (i.e. blinded probing of SOZ).
Previous studies have shown that the cellular response to external electrical stimulation is enhanced in the epileptogenic cortex 13 . In vivo, cellular recordings from lateral temporal cortex in patients with intractable epilepsy showed that 'epileptic' neurons with spontaneous high-frequency bursts are more likely to generate evoked single unit activities after direct cortical stimulation than do 'normal' firing neurons 19 . Wilson et al. The correlation between the duration of epilepsy and the (CI) of non-SOZ contacts is of interest and is concordant with prior reports in mesial temporal lobe epilepsy 4 and frontal lobe epilepsy 15 . This adds to the cumulative evidence of epilepsy being a progressive disease, at least in the majority of subset of patients undergoing icEEG for refractory epilepsy, and supports the approach of considering epilepsy surgery sooner rather than later with the caveat however that correlation does not necessarily indicate causality and there could be other clinical and/or pathology-related factors resulting in both longer intervals until surgical intervention and the degree of epileptogenicity of non-SOZ tissue. The correlation between (CI) and the stimulation intensity on the one hand, and the absence of that relationship with the distance of the site of recording of evoked responses suggests, that it is feasible, and potentially more useful to grade evoked responses from epileptic regions at even lower currents than used in this study.
The high predictive values of auras and seizures induced by electrical cortical stimulation in both temporal and extra-temporal epilepsy are comparable with and validate those reported in temporal lobe epilepsy previously 14 .
There are inherent limitations to the retrospective design of case-control studies. However, we believe this is mitigated by the prospective classification of contacts before stimulation and semi-automated analysis of evoked responses. While intracranial EEG provides a non-symmetrical and inhomogeneous sampling of brain regions, and relatively limited spatial resolution compared to other non-invasive modalities, the practice of extensive spatial sampling at our center and the use of normalized values in this study compensate partially for these limitations. It is possible that a combination of qualitative and quantitative methods of evoked responses will be more efficient in detecting and grading epileptogenicity. Employing controls as identified in our study based on the interictal profile has been successfully used in similar settings 1 . We acknowledge however, that identifying true-controls in a cohort of epilepsy patients has its own theoretical limitations in the face of modern view of epilepsy as a network disease. This holds true especially for non-lesional or subtly lesional cases.
Conclusions
Epileptic brain regions exhibited increased connectivity, including with more distant sites, compared to non-epileptic quiet contacts. The averaged evoked responses (SPEPs) after 1 Hz stimulation of the seizure onset zone were characterized by atypical morphology, duration, and spatial distribution. Auras and seizures provoked by low frequency stimulation, though not sensitive, were highly specific to the seizure onset zone in this series. Our current study suggests these methods provide a robust supplement to current standard of care. The connectivity index provides a robust supplement to standard icEEG evaluations a resoanble tradeoff between sensitives and specifities for classification of the epileptic contacts and the 
